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Abstract—A high-current-density terahertz electron-
optical system based on a carbon nanotube (CNT) cold 
cathode has been investigated in order to solve notable 
mode competition in high order harmonic gyrotrons. 
Simulation results show that a near-axis electron beam can 
be generated, with beam current of 160mA at an 
accelerating voltage of 23.5kV. The source supports 
electron beam with velocity ratio of 1.1 and a guiding 
center radius of 57 µm. A narrow beam spatial distribution 
is evidenced by adjusting control anode voltage, satisfying 
the need for high operating current density in slow wave 
devices. The current density of the electron beam is up to 
620 A/cm2 and the velocity ratio is 0.44, with parallel energy 
accounts for 84% of the total energy.  
 
Index Terms—Terahertz, high-current-density, gyrotron, 




riving the rapid development of terahertz science and 
technology, terahertz radiation sources have found 
wide use in radar, communications, and biomedical 
applications [1-2]. Compared with the solid-state sources, 
vacuum electron radiation sources (VERS) offer 
advantageously high output powers (up to 1 GW) and high 
operating frequencies (up to 1 THz), making them well-suited 
to the demanding requirements of industry and commerce [3]. 
Gyrotron structures, fast-wave devices with some of the 
highest recorded output powers, have received extensive 
attention in space communication, thermonuclear fusion, and 
medical diagnosis [4-11]. In such devices, affordable and 
movable scale magnets can generate magnetic fields of 10-15 
T, which corresponds to electron-cyclotron frequencies of 0.3-
0.4 THz [12]. Nevertheless, such magnets remain bulky and  
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account for significant volumes within present designs. 
Reducing the magnet size deleteriously reduces the attainable 
magnetic field, and in doing so compromises the device 
functionality. However, the required magnetic field, and hence 
magnet dimensions, can be greatly decreased by engineering 
high-order harmonic operation. Nevertheless, mode 
competition hinders the development of gyrotrons when 
operating at high-order harmonic. A third harmonic gyrotron 
with axis-encircling electron beam (large-orbit gyrotron), 
operating at 1 THz, has recently been developed [13]. One 
solution to mode competition is decreasing the electron beam 
radius. As the radius of the electron beam becomes increasing 
small, there is significant mode depletion, resulting in only the 
TE25 mode to participate in mode competition. However, the 
design of such electron-optical system is relatively complex, 
require fine machining, accurate modelling, and careful 
assembly, especially within the magnetic field system [14]. 
By increasing the operating frequency (up to terahertz 
frequency band) the minimum working current density of 
traditional terahertz VERS systems increases dramatically, 
typically to hundreds of A/cm2. The minimum current density 
for some electron tubes, such as Ledatrons, Travelling Wave 
Tubes (TWTs), Reflex Klystrons, and Backward Wave 
Oscillators (BWO) are 330A/cm2, 70A/cm2, 216A/cm2, 
874A/cm2, respectively [15-17]. Despite significant research 
efforts, such large minimum current densities continue to 
plague the development of traditional VERS systems. Due to 
their cost, ease of access, and technological maturity, almost 
all commercial VERS continue to employ thermionic cathodes 
as the electron emission sources. Nevertheless, thermionic 
cathodes suffer from significant functional limitations, such as 
the need for high operating temperatures which limits system 
design opportunities due to thermal dissipation challenges, 
large operating volume, and comparatively slow response 
times [18-20]. Conversely, field electron emission cold 
cathodes support almost instantaneous turn-on, the ability to 
create ultra-compact designs, tolerance towards small working 
volumes which relaxes system evacuation requirements, and 
the ability to operate at near-room-temperature. As a result, 
field electron emission cold cathodes are coming to the fore as 
a leading alternative electron emission technology in a new 
generation of VERS [21-22]. Supported by the emergence of 
new types of 1D and 2D nanomaterials, field electron emission 
systems based on carbon nanotubes (CNTs) have been widely 
demonstrated to provide high emission current densities, 
excellent chemical, thermal and temporal stability, and low 
opening fields, making them a prime candidate for use in a 
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variety of electron emission systems, including display devices, 
microwave sources and X-ray tubes [23-29]. 
In this paper, a high-current-density terahertz electron-
optical system based on CNTs is theoretically and 
experimentally investigated. Here we demonstrate the 
potential of CNT-based field emission sources as a candidate 
technology for both fast wave devices, such as gyrotrons, as 
well as slow wave devices, such as TWTs, Klystrons, and 
BWOs. In this work a near-axis small orbit electron beam has 
been obtained. We show that mode competition can be solved 
using such a system, which offers a guiding center radius of 
only 57 µm at the 0.6 THz third harmonic TE37 mode gyrotron. 
Meanwhile design sensitivity to the control anode voltage and 
magnetic field spatially localized to the cathode have been 
investigated, with beam current densities of 620 A/cm2 having 
been achieved, satisfying the demands of state of the art slow 
wave devices. 
II. DESIGN AND SIMULATION 
In this section, we describe the design of the electron-optical 
system based on a CNT cold cathode. This section explores the 
cathode, control anode and accelerating anode. Particle in cell 
(PIC) simulation has been used throughout to investigate the 
electron-optical system. Efforts have focused on explicating 
design sensitivity to control anode voltage and magnetic field 
in the immediate emission volume. Simulations are based on 
direct experimental findings from CNTs cold cathodes. To 
form the electron emitter, CNTs were synthesised on a 0.1 mm 
diameter Ni80Cr20 alloy wire substrates, outlined in Ref. [30]. 
The experimental results demonstrate a maximum operating 
emission current density of 7.65 A/cm2 at 2.13 kV/mm, 
indicating the CNTs suitability to operate as the emission 
source in high-current-density terahertz electron-optical 
systems. To obtain the field emission parameters required for 
the present technology, dual Ni80Cr20 alloy wires were joined 
to form a ring emitter, which was subsequently embedded 
within a rectangular groove within the system. A SEM 
(scanning electron microscope) image of the coated Ni80Cr20 
wire, and the synthesized CNT thin film are shown in Fig.1 




Fig.1. simulation structure of dual joined Ni80Cr20 alloy wires. Inset: detailed 
view of dual Ni80Cr20 alloy wires and areal-view SEM image of the CNT thin 
film adapted from Ref. [30]. 
 
In order to obtain the field emission parameters of the CNT 
cold cathode, the emission current density is fitted to 
established empirical data using the simplified Fowler-
Nordheim (FN) equation: 
                𝐽 = 𝐴′𝐸2exp(−𝐵′/𝐸)             (1) 
where 𝐴′  and 𝐵′  are the field emission coefficient, 𝐴′ =
2.17 ×   10−4A/𝑉2  and 𝐵′ = 2.02 × 107𝑉/𝑚  have been 
determined by numerical fitting on the basis of our 
experimental data in Ref. [30] and [31]. For the 0.1mm 
Ni80Cr20 alloy wire, we find that the simulation mesh must be 
set to at least 0.01mm in order to obtain accurate and 
empirically representative results. This mesh size is far smaller 
than the electron-optical system (8mm×310mm), which makes 
it difficult to directly integrate the alloy wires in a 
comparatively large volume. In our simulations, as a result, we 
approximate the dual Ni80Cr20 alloy wires as an equivalent 
red annular surface emitting band with width of 0.2mm, as 
shown in the inset of Fig. 2. Meshes have been investigated 
using 3D and 2.5D PIC simulation software to analyse the 
computationally demanding spatial and temporal evolution of 
the electron beam.The field emission coefficient of the 
simulation model with annular surface emitting band 𝐴′′and 
𝐵′′ were numerically fitted according to the simulation data of 
dual Ni80Cr20 alloy wires, where 𝐴′′ = 2.15 × 10−4𝐴/𝑉2 
and 𝐵′′ = 2.03 × 107𝑉/𝑚.  
The annular surface emitting band simulations (3D and 2.5D) 
and dual Ni80Cr20 alloy wires (3D) and its fitting, are shown 
in Fig.2. Empirical data and equivalent 3D and 2.5D models 
align well, attesting that our model approximations are valid.  
 
Fig.2. simulation emission current density, as a function of applied electric 
field. Inset: equivalent simulation structure of dual Ni80Cr20 alloy wires. 
 
The proposed electron-optical system outlined here is a 
candidate for use in a 0.6 THz third harmonic TE37 mode 
gyrotron oscillator. According to gyrotron linear theory, the 
coupling expression depicted the electron beams interaction 
with the high frequency field is given by 






          (2) 
where s and 𝑣𝑛,𝑝 are the p
th root of 𝐽𝑛
′ (𝑥) and the harmonic 
number, respectively. 𝑘𝑛,𝑝 = 𝑐𝑛,𝑝 𝑅0⁄ . 𝑅0 is the guide center 
radius of the electron beam. In order to increase the coupling 
coefficient in the 0.6 THz third harmonic gyrotron, n=s, 
ensuring that the TE3n mode is selected for higher coupling 





























































coefficient. The normalized beam-wave coupling coefficient 
as a function of beam radius is depicted in Fig. 3. 
 
Fig.3. normalized beam-wave coupling coefficient as a function of beam 
radius (the abscissa of the shaded region represents the radius of the electron 
beam of the electron-optical system, which ranges from 3μm-110μm). Inset: 
diagram of TE37 mode. 
 
As shown in Fig.3, the guiding center radius of the electron 
beam is 57 µm, and the corresponding normalized coupling 
coefficient is 0.77. In simulations the 9.2 T superconducting 
magnetic system has been adopted, with the maximum value 
of the magnetic field being 7.45 T, and the magnetic field in 
the emission area is about 2.5  mT. Fig. 4 shows the 
distribution of the magnetic field along the central axis, and the 
final design parameters of the CNT cold-cathode electron-
optical system are listed in TABLE I. 
 
Fig. 4. Profile of the magnetic field intensity along the center axis. Inset: 
magnetic field intensity local to the cathode. 
 
TABLE I 
Design parameters of the electron-optical system 
Symbols Parameters Values and 
Units 
Va control anode voltage  －22.16 kV 
Vb Accelerating voltage －23.5 kV 
Bc Magnetic field in the cathode area 25 mT 
B0 
Magnetic field at output port of the 
electron-optical system 7.45 T 
Rk Average radius of emitter 2.74 mm 
R0 Guiding center radius of the 
electron beam 57 μm 
Ib Beam current 160 mA 
J Emission current density 4.65 A/cm2 
βz Parallel velocity spread 8.9% 
β⊥ Perpendicular velocity spread 6.7% 
V⊥ / VZ Velocity ratio 1.1 
 
The electron beam trajectory is shown in Fig. 5(a). The 
parallel and perpendicular momentum of the electron beam as 
a function of axial distance are shown in Figs. 5 (b) and 5 (c), 
respectively. From the simulation results, in Fig. 5, when the 
electron beam reaches z = 50 mm, the parallel momentum of 
the electron beam gradually decreases. On the contrary, the 
perpendicular momentum tends to gradually increase, and 
finally the speed tends to stabilize after the compression stage. 
The simulation results show that the perpendicular and parallel 
velocity spread of the electron beam are 6.7% and 8.9%, 
respectively. The velocity ratio of the electron beam is 1.1, and 
the beam current is 160 mA. These simulation results show that 
a near-axis small orbit electron beam can be generated by the 
developed electron-optical system, which makes an important 
contribution to the control of mode competition in 0.6 THz 
third harmonic TE37 mode gyrotrons. 
 
 






























































Fig. 5. (a) electron beam trajectory as a function of axial distance. Inset: 
detailed view of the electron beam in cathode area. (b) parallel momenta and 
(c) perpendicular momenta as a function of axial distance. 
 
Design sensitivity to the magnetic field local to the cathode 
and the control anode voltage have been investigated in Fig. 6 
(a) and Fig. 6 (b), respectively. In Fig. 6 (a), the velocity ratio 
and parallel velocity spread increase as the magnetic field in 
cathode volume and control anode voltage increase. On the 
contrary, the perpendicular velocity spread decreases. When 
the magnetic field in the immediate cathode locality is higher 
than 6 mT, the parallel velocity spread and velocity ratio 
increase rapidly.  
Fig. 6 (b) shows that the control anode voltage modulates 
significantly operation of the electron-optical system. In order 
to generate the electron beam which can satisfy the necessary 
high current density in slow wave devices, the velocity ratio 
and the parallel velocity spread can be decreased as low as 0.44 
and 4.7%, respectively, by adjusting control anode voltage. 
Fig. 7 shows the electron beam trajectory and detailed view 
of the electron beam at the output port of the electron-optical 
system (control anode voltage Va = -22.36 kV). The radius of 
the electron beam is 80 µm. The electron beam current and the 
emission current density are 123 mA and 3.57 A/cm2, 
respectively. The parallel energy account for 84% of the total 
energy, and the current density of the electron beam at the 
output port of the electron-optical system is about 620 A/cm2,  
 
 
Fig. 6. (a) Design sensitivity to the magnetic field in cathode area. (b)Design 
sensitivity to the control anode voltage. 
 
with the electron beam cross-sectional area compressed by 174 
times, supporting the generation of the required high beam 
current densities for terahertz slow wave devices. 
 
 
Fig. 7 electron beam trajectory as a function of axial distance（control anode 
voltage Va = -22.36 kV）. Inset: detailed view of the electron beam at the output 
port of the electron-optical system. 
III. CONCLUSION 
A high-current-density terahertz electron-optical system, 
suited for use in fast and slow wave devices, based on a CNT 
cold cathode has been developed. Mode competition can be 
well solved by means of the near-axis electron beam in high 
order harmonic gyrotrons. Modulation of the control anode 
voltage has been demonstrated, providing an effective 
approach to improving the current density. Current density up 
to 1300 A/cm2 can be realized if the emission current density 
increases to the maximum experimental emission current 
density of 7.65 A/cm2. The electron-optical system provides a 
promising perspective for the development of terahertz 
radiation source based on CNTs and other emerging 
nanomaterials. 
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